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The JIL-1 Tandem Kinase Mediates Histone H3
Phosphorylation and Is Required for Maintenance
of Chromatin Structure in Drosophila
phosphorylation may be context dependent and deter-
mined in part by additional modifications at nearby resi-
dues. The current challenge is to identify and function-
ally characterize the molecules orchestrating these
events.
Yanming Wang, Weiguo Zhang, Ye Jin,
Jørgen Johansen, and Kristen M. Johansen1
Department of Zoology and Genetics
3154 Molecular Biology Building
Iowa State University
Ames, Iowa 50011 One candidate molecule for being involved in these
processes is JIL-1, a novel tandem kinase that associ-
ates with chromosomes throughout the cell cycle, local-
izes specifically to the gene-active interband regions ofSummary
the larval polytene chromosomes, and phosphorylates
histone H3 in vitro (Jin et al., 1999). In addition to itsTo analyze the function of the chromosomal kinase
autosomal distribution, JIL-1 is enriched almost 2-foldJIL-1, we generated an allelic series of hypomorphic
on the male larval polytene X chromosome due to itsand null mutations. JIL-1 is an essential kinase for
ability to associate with the MSL (male specific lethal)viability, and reduced levels of JIL-1 kinase activity
dosage compensation complex (Jin et al., 1999, 2000).lead to a global change in chromatin structure. In JIL-1
Since both female X chromosomes are expressed inhypomorphs, euchromatic regions of polytene chro-
Drosophila, in order to achieve equal levels of expres-mosomes are severely reduced and the chromosome
sion of genes on the X chromosome, a 2-fold hypertran-arms condensed. This is correlated with decreased
scription of the male’s single X chromosome occurslevels of histone H3 Ser10 phosphorylation. These lev-
relative to the female’s two X chromosomes and theels can be restored by a JIL-1 transgene placing JIL-1
autosomes (reviewed in Lucchesi, 1998). This enhanceddirectly in the pathway mediating histone H3 phos-
transcription is thought to be facilitated by the MSLphorylation. We propose a model where JIL-1 kinase
complex, the activity of which leads to a more openactivity is required for maintaining the structure of
the more open chromatin regions that facilitate gene chromatin structure of the male X chromosome (Smith
transcription. et al., 2000). Therefore, the finding that JIL-1 associates
with at least one chromatin remodeling machine, the
MSL complex (Jin et al., 2000), in conjunction with JIL-1’sIntroduction
ability to phosphorylate histone H3 in vitro suggested
that JIL-1 may play a functional role in controlling chro-Higher order chromatin structure is essential for chro-
matin structure at regulatory regions in the genome (Jinmosome organization and function. Key determinants
et al., 1999).of chromatin structure include the covalent modifications
In this study, we have generated an allelic series ofof histone tails present in the repeating nucleosomal arrays
JIL-1 hypomorphic mutations including a complete nullthat serve to package the DNA. These modifications in-
allele. We find that histone H3 Ser10 phosphorylationclude acetylation, phosphorylation, methylation, ubiqui-
levels are severely reduced in the hypomorphic mutants.tination, and ADP-ribosylation (reviewed in Cheung et
However, the histone H3 Ser10 phosphorylation levelsal., 2000a). It has been proposed that maintenance of
are restored by introduction of transgenic JIL-1 activity,chromosome structure as well as functionally different
thus placing JIL-1 directly in the pathway mediatingchromosomal remodeling events depend on various
histone H3 phosphorylation. JIL-1 hypomorphic and nullcombinations of these modifications (Strahl and Allis,
animals show a number of nuclear structural abnormali-2000; Turner, 2000). For example, phosphorylation of
ties including chromatin condensation and lack of athe Ser10 residue of histone H3 has been implicated in
chromosome banding pattern in polytene interphase nu-chromosome condensation during mitosis (Hendzel et
clei. While the loss of JIL-1 protein resulted in strikingal., 1997; Wei et al., 1998, 1999), transcriptional acti-
alteration of chromosome morphology of all chromo-vation of immediate-early genes during interphase
somes, the most severe effects were observed on the(Mahadevan et al., 1991; Sassone-Corsi et al., 1999;
reviewed in Thomson et al., 1999), maintenance of sister male X chromosome. In mitotic nuclei of JIL-1 hypomor-
chromatid cohesion during meiosis (Kasza´s and Cande, phic mutants during embryonic development, chromo-
2000), and regulation of heat shock-induced transcrip- somes and chromatin break down and fragment leading
tional activity (Nowak and Corces, 2000). Whereas to dispersion of centrosomes and deformed mitotic
phosphorylation of Ser10 alone or in conjunction with spindles. Homozygous null animals die before or at eclo-
phosphorylation at Ser28 may trigger chromatin con- sion, indicating that JIL-1 is a required kinase. Of the
densation (Goto et al., 1999; Cheung et al., 2000a), facili- hypomorphic animals that survive to adulthood, females
tation of transcription may require the additional acetyla- outnumber males, supporting the hypothesis that JIL-1
tion of the lysines near Ser10 (Cheung et al., 2000b; Lo participates in regulation of dosage compensation.
et al., 2000; Clayton et al., 2000). Thus, the actual state These results provide physiological evidence for a role
of chromatin structure resulting from histone H3 Ser10 for JIL-1 in the establishment or maintenance of higher
order chromatin structure that is likely to influence the
regulation of gene expression.1 Correspondence: kristen@iastate.edu
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Figure 1. JIL-1 Hypomorphic and Null Alleles
(A) Diagram of the JIL-1 genomic locus. The locus has eight exons (I-VIII) separated by seven introns. The ORF coding for the JIL-1 protein,
including the position of the two kinase domains KDI and KDII, is depicted underneath. The locations of major restriction sites are shown at
the top of the diagram. The depicted region comprises nucleotides 205,011–190,208 of genomic scaffold sequence AE003546.
(B) Diagram of the imprecise excision lines z60 and z2 generated from the EP element insertion line EP(3)3657 (EP3). The EP(3)3657 line
contains an EP element (triangle) inserted into the first exon just upstream of the translation start site. In the excision line z60 the JIL-1 coding
sequence is intact but the 59-UTS, the putative JIL-1 promoter region, and the EP element’s 59 end has been excised (dashed lines). In the
z2 line part of the 39 end of the EP element as well as genomic sequences from the EP insertion site through most of intron II, which removes
the start codon region, have been excised (dashed lines).
(C) JIL-1 protein expression in JIL-1 hypomorphic and null alleles. Immunoblots were performed on extracts from homozygous EP(3)3657
(EP3), JIL-1z60 (z60), and JIL-1z2 (z2) larvae and compared to wild-type (wt). The immunoblots were labeled with affinity purified JIL-1 antiserum
and with anti-tubulin antibody. The relative level of JIL-1 expression in the mutant larvae as a percentage of JIL-1 expression in wild-type is
shown below.
(D) A JIL-1-GFP transgene when introduced into JIL-1z2 flies restores JIL-1 protein to levels (lane 3) comparable to that of wild-type (lane 1).
The immunoblots were labeled with affinity-purified JIL-1 antiserum and with anti-tubulin antibody. The slightly slower migration of the JIL-1-
GFP fusion protein is due to the added GFP moiety. Lane 2 shows the absence of JIL-1 protein in homozygous larvae from JIL-1z2 flies.
Results JIL-1 alleles including a complete JIL-1 null allele, we
mobilized the P element in EP(3)3657 flies using the
D2–3 transposase (Robertson et al., 1988) and screenedGeneration of an Allelic Series of JIL-1
Hypomorphic Mutations for imprecise excision events that altered the level of
JIL-1 protein. Among 16 imprecise excision events char-By screening Genbank with the JIL-1 cDNA sequence,
we identified a P element insertion line (EP(3)3657) in acterized, two lines showed significant decreases in
JIL-1 protein levels and were chosen for further study.which the inducible overexpression EP element (Rørth
et al., 1998) had integrated on the third chromosome By PCR mapping, it was determined that both excision
events removed portions of JIL-1 genomic sequencewithin JIL-1’s first exon approximately 700 bp upstream
of the putative ATG start codon (Figure 1A). Although (depicted as a dashed line in Figure 1B) but retained
parts of the EP element. The JIL-1z60 allele leaves thethis insertion interrupts the normal JIL-1 transcript, im-
munoblot analysis with JIL-1 antibody of EP(3)3657 ho- coding sequence of JIL-1 intact but removes much of
the 59-UTS as well as the putative JIL-1 promoter region.mozygous larvae showed that JIL-1 protein is still ex-
pressed, albeit at a level only 11.4 6 1.6% (n 5 4) that However, the EP element’s 39 end, including its basal
promoter, is retained and may be responsible for induc-of wild-type. We quantified this difference by determin-
ing the average pixel density of JIL-1 immunoblot stain- ing expression of the very low level (3.0 6 0.8% of wild-
type, n 5 4) of JIL-1 protein observed on immunoblotsing in JIL-1 mutants as compared to wild-type. An exam-
ple of one such experiment is shown in Figure 1C. (Figure 1C). The JIL-1z2 line removes JIL-1 sequences
encompassing the entire second exon containing theIn order to generate an allelic series of hypomorphic
JIL-1 Kinase Is Required for Chromatin Structure
435
Table 1. Viability of Male Flies with Hypomorphic or Null JIL-1 Alleles
Genotype Eclosion Rate (%) Male Progeny Female Progeny % of Expected Malesa
EP(3)3657/ ND 331 308 107
TM6B Tb
EP(3)3657/ 81 260 354 73
EP(3)3657b (n 5 250)
EP(3)3657/ ND 467 968 48
EP(3)3657c
JIL-1z60/ 0.5 22 59 32
JIL-1z60 (n 5 200)
JIL-1z2/ 0 0 0 —
JIL-1z2 (n 5 200)
JIL-1-GFP; ND 484 500 97
EP(3)3657d
a Assuming the number of males should normally equal the number of females, the percentage of expected males is calculated as the number
of males/number of females 3 100.
b From EP(3)3657/TM6B Tb parents.
c From EP(3)3657 homozygous parents.
d Both parents and offspring were selected to be JIL-1-GFP homo- or heterozygous on the second chromosome; EP(3)3657 homozygous on
the third chromosome. Thus, JIL-1-GFP was present maternally and passed on to the offspring by the mother, the father, or both.
ND: not determined.
starting methionine and most of the second intron as zygous parents can be analyzed for the effect of reduced
levels of JIL-1 on embryonic development. The hatchwell as the 39 EP sequence comprising the promoter.
This results in complete loss of detectable JIL-1 protein rate of such embryos was only 4% (16 out of 400), show-
ing a significant decrease (p , 0.001) below the 83%on immunoblots of JIL-1z2 homozygous larvae (Figure
1C), suggesting that JIL-1z2 may represent a true null observed in wild-type (333 out of 402). Whereas reduced
eclosion levels are observed for both males and females,allele. JIL-1 levels can be restored in these mutants
upon introduction of a JIL-1-GFP transgene integrated male viability is more severely affected in all cases of
lowered JIL-1 expression (Table 1). For example, inon the second chromosome (Jin et al., 1999), providing
a means for conducting rescue experiments of mutant EP(3)3657/EP(3)3657 homozygous offspring from het-
erozygous mothers that provide maternal levels of JIL-1phenotypes (see below). Immunoblot analysis em-
ploying anti-JIL-1 antibodies detects this recombinant protein during early development due to the mother’s
wild-type allele, the number of males eclosing was 73%JIL-1-GFP fusion protein as a slightly larger protein due
to the added GFP moiety, but at levels roughly compara- that of females. In adults eclosing from crosses of homo-
zygous parents and thus developing without the in-ble to wild-type (Figure 1D).
creased maternal levels of JIL-1, the percentage of
males relative to females was 48% (Table 1). FurtherThe JIL-1 Kinase Is Required for Viability
and Affects Male to Female Sex Ratio reduction is observed in the severe JIL-1z60/JIL-1z60 hy-
pomorph, which gives rise to only 32% the expectedThe original EP(3)3657 line in conjunction with the newly
generated JIL-1z60 and JIL-1z2 lines constitute an allelic number of males relative to females (Table 1). The male
to female sex ratio in EP(3)3657 flies can be rescued toseries of JIL-1 hypomorphic and null mutations. This
allowed us to analyze the effects of decreasing levels near wild-type ratio by the JIL-1- GFP transgene. When
this transgene is introduced into these flies, the male toof JIL-1 protein on viability and male to female sex ratios.
In order to measure and compare viability, we collected female sex ratio recovers from 48% to 97% (Table 1).
homozygous pupae from heterozygous crosses of the
three alleles and determined their eclosion rate. The Disintegration of Chromatin Structure
in JIL-1 Mutant Embryoshomozygous mutant pupae could be readily identified
as they did not display the Tubby marker carried on the We investigated the phenotypic consequences of re-
duced levels of JIL-1 kinase in embryos from EP(3)3657balancer third chromosome. We found that homozygous
EP(3)3657 larvae, which have only one tenth of the level homozygous parents by labeling chromatin with
Hoechst and microtubules with anti-tubulin antibodyof JIL-1 protein normally found in wild-type (Figure 1C),
have an eclosion rate of 81% (Table 1). However, as the (Figure 2). The average expression level of JIL-1 kinase
in these mutant animals is reduced to about one tenthlevel of JIL-1 protein further decreases to about 3%
in JIL-1z60/JIL-1z60 larvae (Figure 1C), the eclosion rate that of wild-type (Figure 1C). A range of phenotypes
was observed from embryos appearing wild-type withreduces to only 0.5% (Table 1). Moreover, the few homo-
zygous JIL-1z60/JIL-1z60 animals surviving to adulthood regularly spaced nuclei (Figure 2A) to embryos where
chromatin structure had completely disintegrated (Fig-were unable to produce offspring and most died shortly
after eclosion. The eclosion rate for the null allele JIL-1z2/ ure 2C). In intermediate phenotypes, nuclei in various
stages of fragmentation were still discernible (FigureJIL-1z2 larvae was 0% (Table 1). These results strongly
suggest that JIL-1 is an essential kinase for viability. 2B). The variable penetrance and range of phenotypes
are likely to be a result of different levels of JIL-1 expres-Eclosed EP(3)3657/EP(3)3657 adults are fertile and
able to produce offspring, and thus embryos from homo- sion in individual embryos. Some embryos have enough
Cell
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Figure 2. JIL-1 Hypomorphic Embryos Display a Variety of Nuclear and Chromosomal Abnormalities
(A–C) Wild-type (WT) and embryos from EP(3)3657 homozygous flies (EP3) were labeled with Hoechst to visualize the chromatin. Labeling of
a wild-type embryo (A) shows the regular and synchronized pattern of nuclei that have migrated to the periphery. In contrast, mutant EP3
embryos show poorly condensed nuclei (B, arrows) in various stages of fragmentation. In severe phenotypes, all chromatin structure has
disintegrated and chromatin remnants show up as scattered bright spots (C).
(D–I) Embryos from EP(3)3657 homozygous flies double labeled with Hoechst (red) and anti-tubulin antibody (green). In severe phenotypes,
due to the disintegration of the Hoechst-labeled chromatin (E), centrosomes (F) separate and disengage from the nuclear remnants (D). In
intermediate phenotypes where some chromatin structure is still present (H), the mitotic spindles (I) are misaligned and of aberrant morphology
(G, arrows). (D) and (G) show composite images (comp) of (E) and (F) and of (H) and (I), respectively.
JIL-1 to carry them through embryogenesis as reflected or homozygous hypomorphic EP(3)3657, JIL-1z60, or null
JIL-1z2 larvae were fixed and labeled with Hoechst toin the 4% hatching rate, whereas others are below the
visualize the DNA, anti-MSL2 antibody to identify thethreshold for maintaining JIL-1 kinase function. In em-
male X chromosome (Zhou et al., 1995; Kelley et al.,bryos double labeled with Hoechst and anti-tubulin anti-
1995), and, in some cases, with anti-JIL-1 antibody. La-body, centrosomes were often observed to be sepa-
beling with anti-MSL2 antibody revealed that MSL2 pro-rated from the nuclear remnants (Figures 2D–2F), and
tein still localizes to the X chromosome in all three JIL-1in other cases, the nuclear fragmentation would lead to
mutant alleles, indicating that JIL-1 is not necessary foraberrant and misaligned tubulin spindles (Figures 2G–
targeting of the MSL complex to the male X chromosome2I). These data suggest that reduced levels of JIL-1
(Figure 3). Identical results were obtained using anti-kinase lead to a disintegration of nuclear and chromatin
MSL1, -MSL3, or histone H4Ac16 antibodies (data notstructure during embryonic development.
shown), confirming this observation. However, we found
that chromosome morphology in both males and fe-
Polytene Chromosome Morphology Is Disrupted males was markedly affected (Figure 3). Whereas wild-
by Loss of JIL-1 type polytene chromosomes show extended arms with
We also assessed the consequences of loss of JIL-1 on a regular pattern of Hoechst-stained bands, this pattern,
polytene chromosome structure in interphase nuclei. while relatively normal in the hypomorphic EP(3)3657
mutant animals, becomes severely perturbed in strongChromosomal squashes prepared from either wild-type
JIL-1 Kinase Is Required for Chromatin Structure
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Figure 3. Reduced Levels of JIL-1 Kinase
Have a Severe Effect on the Structure and
Morphology of Male and Female Larval Poly-
tene Chromosomes
Polytene chromosome preparations from
third instar larvae were double labeled with
Hoechst (green) to visualize the chromatin
and with anti-MSL2 antibody (red) to identify
the male X chromosome (X). Preparations are
shown from wild-type (wt) larvae (A–C), from
EP(3)3657 (EP3) homozygous larvae (D–F),
from JIL-1z60 (z60) homozygous larvae (G–I),
and from male (J–L) and female (M–O) JIL-1z2
(z2) homozygous larvae. Note the progressive
condensation and loss of Hoechst labeled
banding of the chromosomes as the level of
JIL-1 is reduced in this allelic series of JIL-1
hypomorphic mutations.
JIL-1z60 hypomorphs and the null JIL-1z2 larvae (Figure 3). shorter and has lost a large degree of its banding pat-
tern. In the strong JIL-1z60 hypomorph or the null JIL-1z2In these latter preparations, the euchromatic interband
regions are largely absent and the chromosome arms mutant, the male X chromosome is even more con-
densed with no remaining observable banding patternare highly condensed. Thus, these results suggest that
the JIL-1 kinase is involved in both males and females or structure (Figure 3). That the reduction of JIL-1 protein
level is responsible for the defects observed in the ho-in establishing or maintaining the more open chromatin
structure found in the gene-active interband regions that mozygous animals is further supported by rescue exper-
iments in which transgenic JIL-1-GFP is introduced intocomprise less tightly packed euchromatin (Rykowski et
al., 1988). JIL-1z2/JIL-1z2 animals (Figures 4C and 4D). Chromo-
somes from these animals now appear essentially wild-Although all of the chromosomes from JIL-1 mutant
animals display abnormalities, perturbation of the male type including the male X chromosome (Figure 4C). Fig-
ure 4D shows that JIL-1 antigenicity is restored andX chromosome is relatively more severe than that of
the autosomes (Figure 3). This can be observed in the upregulated on the X chromosome as detected by JIL-1
antibody. Identical results were observed in rescue ex-weaker hypomorphic phenotype from EP(3)3657 prepa-
rations (Figure 3) where although the autosomes are only periments employing a full-length JIL-1 transgene which
did not contain the GFP moiety (data not shown).subtly affected, the male X chromosome is significantly
Cell
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Figure 4. Rescue of Polytene Chromosome
Defects in JIL-1 Null Mutant Larvae by a
JIL-1-GFP Transgene
(A and B) Polytene chromosome preparations
from homozygous JIL-1z2 larvae (z2/z2) triple-
labeled with Hoechst (green), anti-MSL2 anti-
body (red), and JIL-1 antiserum (white). The
chromosome structure and morphology is
strongly perturbed (A) and JIL-1 immunoreac-
tivity is abolished (B).
(C and D) Polytene chromosome preparations
from JIL-1z2 larvae in which the JIL-1-GFP
transgene was introduced (z2/JIL-1-GFP).
Normal chromosome morphology including
that of the male X chromosome (X) has been
largely restored (C) as has JIL-1 immunoreac-
tivity (D).
Phosphorylation of Histone H3 Ser10 Is Upregulated inantly yellow banding pattern (Figures 5A and 5D). This
labeling pattern was consistently observed in differenton the Male X Chromosome
The upregulation of JIL-1 on the male X chromosome experiments using different lots of pH3S10 antibody
from two different companies. We did not observe suchin conjunction with its ability to phosphorylate histone
H3 Ser10 in vitro (Jin et al., 1999) led us to ask whether an upregulation in the female, and in homozygous
JIL-1z2/JIL-1z2 polytene chromosomes, neither JIL-1 norhigher levels of phosphorylated histone H3 Ser10
(pH3S10) are also present on the male X. Conventional pH3S10 or pH3S10Ac14 labeling was detectable (data
not shown). These data suggest that levels of phosphor-polytene chromosome fixation and squash techniques
as reported in this study and previously (Zink and Paro, ylated histone H3 Ser10 are increased on the male X
chromosome in a pattern overlapping with that found1989; Jin et al., 1999) led to inconsistent banding pat-
terns. We reasoned that the highly acidic fixation condi- for the JIL-1 kinase. However, it is of interest to note
that Western blot analysis does not indicate higher over-tions of the conventional squash protocol might be in-
terfering with either antibody performance or antigen all levels of pH3S10 in males than females (W.Z., unpub-
lished observations).stabilization during fixation. Therefore, we developed a
modified whole-mount staining technique for salivary
glands that gently compressed nuclei beneath a cov- Mitotic pH3S10 Is Not Reduced in Mutant JIL-1
Larval Neuroblastserslip before fixation in a standard paraformaldehyde/
PBS solution with a physiological pH. Although the over- Recent studies have revealed a tight correlation be-
tween histone H3 Ser10 phosphorylation and properall resolution of the bands is inferior to the normal squash
technique, it does allow visualization of the chromo- chromosome condensation and segregation during mi-
tosis (Wei et al., 1998, 1999). This mitotic phosphoryla-somes suitable for our analysis. Such salivary gland
preparations were double labeled with antibodies to tion of histone H3 is governed by the lpl1/aurora kinase
in budding yeast and nematodes (Hsu et al., 2000) andJIL-1 and pH3S10 as well as with antibodies to JIL-1 and
phosphoacetylated histone H3 (pH3S10Ac14) (Figure 5). by the NIMA kinase in Aspergillus (De Souza et al., 2000).
Thus, different kinases or more than one kinase mayAs previously reported (Jin et al., 1999, 2000), JIL-1 pro-
tein is upregulated on the male X chromosome (Figure serve this function in different organisms. This raises
the question whether JIL-1 regulates mitotic histone H35B). This upregulation is concomitant with an upregula-
tion of both pH3S10 (Figure 5C) and pH3S10Ac14 (Figure Ser10 phosphorylation in Drosophila. To address this
issue, we analyzed pH3S10 levels in null JIL-1z2/JIL-1z25F) labeling on the male X chromosome as compared
to the autosomes. Furthermore, in the composite panels, larval neuroblast mitotic chromosomes. As shown in
Figures 5G–5I, in the null JIL-1 background, pH3S10 isit is evident that the staining pattern of the antibodies
in wild-type animals overlap as indicated by the predom- not observed in interphase nuclei (Figure 5G), but is
JIL-1 Kinase Is Required for Chromatin Structure
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Figure 5. pH3S10 and pH3S10Ac14 Antibody Labeling of Larval Polytene Chromosomes and Neuroblasts
(A–F) Levels of phospho- and phosphoacetylated histone H3 are upregulated on the male X chromosome in a pattern overlapping with that
of the JIL-1 kinase. Confocal images of whole-mount preparations of salivary gland polytene nuclei from third instar larvae double labeled
with antibody to either phosphorylated histone H3 Ser10 (pH3S10) (A–C) or phosphoacetylated histone H3 (pH3S10Ac14) (D–F) in red with
JIL-1 antiserum (JIL-1) in green. The labeling of both pH3S10 and pH3S10Ac14 is upregulated on the male X chromosome (X) in a pattern
that shows colocalization with JIL-1, as indicated by the predominantly yellow color in the composite images (comp) in (A) and (D), respectively.
This includes stretches of the chromosomes where bands are discernible (arrow).
(G–I) pH3S10 antibody selectively labels mitotic chromosomes in JIL-1z2 homozygous null larval neuroblasts. (H) shows neuroblasts labeled
with Hoechst (green). In contrast to interphase nuclei, only mitotic chromosomes (I) show labeling with the pH3S10 antibody (red). The
composite image (comp) of (H) and (I) is shown in (G).
enriched on the mitotic chromosomes (Figure 5I) at a (EP(3)3657, JIL-1z60, JIL-1z2) animals which were fraction-
level comparable to wild-type (data not shown). There- ated and probed with anti-pH3S10, anti-tubulin, anti-
fore, loss of JIL-1 activity does not appear to alter the lamin, and anti-histone H3 antibodies. As illustrated in
mitotic phosphorylation of histone H3 Ser10 in larval Figure 6A, all of the JIL-1 mutants showed lower levels of
neuroblasts. pH3S10 than observed in wild-type larvae. Furthermore,
the level of reduction of pH3S10 corresponded directly
to the severity of the JIL-1 allele, with the null JIL-1z2/pH3S10 Levels Are Decreased in JIL-1 Mutants
JIL-1z2 allele showing the lowest level of pH3S10 phos-but Restored by Presence of a JIL-1 Transgene
phorylation (4.6 6 1.9%, n 5 5) and EP(3)3657/EP(3)3657,Since the interphase upregulation of pH3S10 phosphor-
the weaker of the two hypomorphs showing higherylation levels correlates with JIL-1 kinase localization
pH3S10 levels (40.0 6 17.4%, n 5 5) than the strongand since the majority of larval cells are in interphase
JIL-1z60/JIL-1z60 hypomorph (19.4 6 14.4%, n 5 5) (Figureat any one given time, we examined whether pH3S10
6A). In contrast, Figure 6A shows that the levels of con-phosphorylation levels were decreased in JIL-1 hypo-
trol proteins such as histone H3, tubulin, and lamin weremorphs as would be predicted if JIL-1 were involved in
roughly equivalent to wild-type levels in all three mutantthis process. Levels of phosphorylated histone H3 Ser10
lines. Since introduction of the JIL-1-GFP transgene onwere determined by immunoblot analysis of larval pro-
tein lysates from wild-type or homozygous JIL-1 mutant the second chromosome of JIL-1z2/JIL-1z2 animals res-
Cell
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H3 Ser10 phosphorylation is reduced to about 5% of
wild-type levels. These results suggest the existence of
another kinase that can phosphorylate histone H3 Ser10
and are consistent with the recent identification of Au-
rora B kinase as the likely mitotic H3 Ser10 kinase in
Drosophila (Giet and Glover, 2001). However, our results
suggest that JIL-1 is the predominant kinase regulating
the phosphorylation state of this residue at interphase.
This is further supported by our findings that histone
H3 Ser10 phosphorylation is upregulated on the male X
chromosome in a pattern similar to that of the JIL-1
kinase and that the loss of histone H3 Ser10 phosphory-
lation as well as aberrant chromosome structure found
in JIL-1 mutants can be rescued by the presence of
a JIL-1 transgene. Thus, taken together these results
demonstrate that JIL-1 is in the pathway mediating his-
tone H3 Ser10 phosphorylation and that JIL-1 kinase
activity is required for the maintenance of normal chro-
mosome architecture in Drosophila at interphase.
In embryos with dividing nuclei, we found that a reduc-
tion in JIL-1 kinase activity leads to nuclear fragmenta-
tion and to dispersion of centrosomes and deformed
mitotic spindles. However, we interpret this phenotype
to be a consequence of altered chromatin structure that
Figure 6. JIL-1 Hypomorphic and Null Alleles Show Decreased occurs during interphase such as we observed in poly-
Phosphorylation of the Histone H3 Ser10 Residue tene chromosomes. The aberrant chromosome struc-
(A) The level of histone H3 Ser10 phosphorylation in JIL-1 hypomor- ture interferes with proper mitotic condensation and
phic and null alleles. Immunoblots were performed on extracts from
segregation and ultimately leads to chromatin disinte-homozygous EP(3)3657 (EP3), JIL-1z60 (z60), and JIL-1z2 (z2) larvae
gration. The findings that a low level of histone H3 Ser10and compared to wild-type (wt). The immunoblots were labeled with
phosphorylation persists in JIL-1z2 homozygous flies,affinity-purified anti-phospho-histone H3 Ser10 antiserum (pH3S10),
with anti-tubulin antibody (tubulin), with anti-lamin antiserum (lamin), that mitotic chromosomes in neuroblasts from JIL-1 null
and with anti-histone H3 antiserum (H3). mutant larvae show high levels of histone H3 Ser10
(B) A JIL-1-GFP transgene, when introduced into JIL-1z2 flies, re- phosphorylation, and that the Drosophila Aurora B ki-
stores phosphorylation of histone H3 Ser10 to a level (rescue) com- nase phosphorylates histone H3 Ser10 during mitosis
parable to that of wild-type (wt). The level of phosphorylation of
(Giet and Glover, 2001) further support the notion thathistone H3 Ser10 in JIL-1z2 homozygous larvae is shown in the middle
JIL-1 is not a mitotic histone H3 Ser10 kinase in Dro-panel (z2). The immunoblots were labeled with affinity-purified anti-
phospho-histone H3 Ser10 antiserum (pH3S10) and with anti-his- sophila, but rather is important for maintenance of chro-
tone H3 antiserum (H3). matin structure at interphase. It is becoming clear that
multiple kinases can phosphorylate the Ser10 residue
on histone H3 and that this single histone modification
cued the chromosomal defects (Figures 4C and 4D), we can elicit diverse cellular responses (Cheung et al.,
wanted to determine whether there was also a corre- 2000a). What determines which of multiple pathways
sponding restoration of pH3S10 levels in these animals. are activated may be influenced by the presence of
Western blots of larval protein lysates from wild-type, additional histone tail modifications that, used in a com-
JIL-1z2/JIL-1z2, or JIL-1z2/JIL-1z2 larvae carrying the JIL- binatorial fashion, mediate context-dependent signaling
1-GFP transgene were probed with anti-pH3S10 anti- (Strahl and Allis, 2000; Turner, 2000; Cheung et al.,
body or anti-histone H3 total protein antibody (Figure 2000a).
6B). As shown in lane 3 of Figure 6B, in the presence The significant decrease in male viability beyond that
of the JIL-1-GFP transgene, pH3S10 levels are restored observed in females argues strongly for a specific role
to essentially wild-type levels. of JIL-1 in dosage compensation in males that may be
separate from its function in maintenance of global chro-
Discussion matin structure. Dosage compensation results in a 2-fold
hypertranscription of the male’s single X chromosome
In this study, we provide evidence that the JIL-1 kinase relative to the female’s two X chromosomes (reviewed
plays an essential role in vivo. Loss of JIL-1 kinase activ- in Baker et al., 1994; Kelley and Kuroda, 1995; Lucchesi,
ity leads to reduced viability and a global change in 1998). The level of H4Ac16 is increased on the male
chromatin structure that is equally prominent in both X chromosome as a consequence of MSL chromatin
males and females. In polytene interphase nuclei, the remodeling complex activity (Turner et al., 1992; Bone et
chromosomes are condensed and lose their normal al., 1994; Smith et al., 2000), and this targeted acetylation
banding pattern of euchromatic and heterochromatin- has been directly linked to transcriptional activation (Ak-
like regions. We further show that these chromosomal htar and Becker, 2000). Notably, we found that levels of
defects correlate with decreased levels of phosphory- phosphorylated histone H3 Ser10 as well as the double
lated histone H3 Ser10. In a JIL-1 null mutant allele that H3 Ser10Ac14 modifications are also upregulated on
the male X, in agreement with the model that enhancedshows no detectable JIL-1 kinase, the level of histone
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on SDS-PAGE gels and transferred to nitrocellulose, and incubatedtranscription may require a combined signaling via both
with primary antibody overnight, washed in TBST (0.9% NaCl, 100acetylation and phosphorylation motifs (Cheung et al.,
mM Tris, [pH 7.5], 0.1% Tween-20), incubated with the appropriate2000a, 2000b; Clayton et al., 2000). However, that the
HRP-conjugated secondary antibody (1:3000) (Bio-Rad) for 2.5 hr,
male X continues to be hyperacetylated at histone washed in TBST, and the antibody complex visualized using chemi-
H4Ac16 in the absence of JIL-1 indicates that JIL-1’s luminescent detection methods (ECL kit, Amersham). Primary anti-
bodies included affinity-purified JIL-1 antisera (Jin et al., 1999),role in dosage compensation is not likely to be effected
anti-histone H3 (Santa Cruz Biotechnology), anti-pH3S10 antibodyvia regulation of the MSL complex’s histone acetyltrans-
(Upstate Biotechnology), anti-lamin Dm0 (generously provided by Drs.ferase activity.
H. Saumweber and M. Paddy), and anti-a-tubulin (Sigma). For quan-In summary, the finding that JIL-1 is localized to eu-
tification of immunolabeling, exposures of immunoblots on Biomax
chromatic interband regions of polytene chromosomes ML film (Kodak) were scanned with an Arcus II (AGFA) flatbed scan-
complementary to the Hoechst staining pattern (Jin et ner and the digital images analyzed using the NIH-Image software.
In these images the grayscale was adjusted such that only a fewal., 1999) together with the observation that such eu-
pixels in the wild-type lanes were saturated. The area of each bandchromatic regions are reduced and the chromosomes
was traced using the outline tool and the average pixel value deter-condensed in the absence of JIL-1 suggest a model
mined. Levels in JIL-1 mutant larvae were determined as a percent-where the JIL-1 kinase functions to establish or maintain
age relative to the level determined for wild-type control larvae.
the more open chromatin regions that facilitate gene
transcription. That JIL-1 is upregulated on the male X
Viability Assays and Rescue Experiments
chromosome and that males are more vulnerable to a The EP(3)3657 allele was maintained over the TM6b Tb balancer.
reduction in JIL-1 levels than females further suggest Homozygous EP(3)3657 animals were identified as non-Tubby lar-
vae, transferred to separate vials, and in general could be propa-that JIL-1 plays a separate role in regulating dosage
gated for 2–3 generations. Embryos from crosses of first generationcompensation mechanisms on the male X. The changes
EP(3)3657 homozygous flies or from heterozygous EP(3)3657/TM6bin chromatin structure in JIL-1 hypomorphs are directly
Tb flies were collected on apple juice plates, counted, allowed tocorrelated with a reduction in the levels of histone H3
develop at 258C, and the hatch rate scored at 22, 24, and 48 hr after
Ser10 phosphorylation. However, it should be noted that egg laying by visual inspection of the egg cases under a dissecting
our experiments do not address whether JIL-1 may me- microscope. For determination of eclosion rates, homozygous
EP(3)3657, JIL-1z60, or JIL-1z2 mutant pupae were identified by ab-diate phosphorylation of other histone residues in con-
sence of the Tubby marker, gently transferred from the vial with ajunction with histone H3 Ser10 or regulate other pro-
wet paintbrush to filter paper in a petri dish, and scored for eclosionteins. The future analysis of additional JIL-1 mutations
after an additional 5 days’ incubation at 258C by visual inspectionas well as proteins interacting with JIL-1 promises to
under a dissecting microscope. For rescue experiments, a second
provide further insights into the regulation of chromatin chromosome carrying a JIL-1 transgene was engineered, either line
structure in vivo. GF29.1 carrying P[hs83-JIL-1- GFP, w1], which expresses a JIL-1-
GFP fusion protein (Jin et al., 1999), or line F3.2 carrying P[hs70-
JIL-1, w1], which expresses JIL-1 only, and crossed into homozy-Experimental Procedures
gous EP(3)3657, JIL-1z60, or JIL-1z2 mutant animals, which were then
scored either for hatch rate or for eclosion rate as described above orDrosophila Stocks
Fly stocks were maintained according to standard protocols (Rob- used for immunoblotting or immunocytochemical staining studies.
PCR analysis, as described above for the identification of impreciseerts, 1986). Oregon-R was used for wild-type preparations. The
EP(3)3657/TM6B Tb stock was obtained from Dr. Todd Laverty at excision events, was performed on the rescued homozygous JIL-1
mutant lines to confirm they were indeed homozygous for thethe Berkeley Drosophila Genome Project. The w; D2–3 Sb/TM2Ubx
stock was the generous gift of Dr. Linda Ambrosio. JIL-1-GFP trans- EP(3)3657, JIL-1z60, or JIL-1z2 alleles, as appropriate. The viability
and sex ratio results obtained from JIL-1 mutant and JIL-1-GFP-genic lines have been previously described (Jin et al., 1999). Markers
not described herein are described in Lindsley and Zimm (1992). rescued lines were statistically compared to those of the balanced
heterozygous parental line using x2 analysis.
P Element Excision
The JIL-1 alleles JIL-1z60 and JIL-1z2 were isolated in a screen for Immunohistochemistry
imprecise excisions of the EP transposon (Rørth et al., 1998) in w; Antibody labelings of Drosophila embryos were as previously de-
EP(3)3657/D2–3 Sb heterozygotes. The mini-white (w1) marked EP scribed (Johansen et al., 1996). Embryos (0–5 hr) were dechorio-
element was mobilized by the D2–3 transposase source (Robertson nated in a 50% Chlorox solution, washed with 0.7 M NaCl/0.2%
et al., 1988). Sixty fly lines in which the P element sequences had Triton X-100, and fixed in a 1:1 heptane:Bouin’s fluid (0.66% picric
been excised were identified by their white eye color. Sixteen impre- acid, 9.5% formalin, 4.7% acetic acid) mixture for 20 min with vigor-
cise excisions were identified by polymerase chain reaction (PCR) ous shaking at room temperature. Vitelline membranes were then
analysis using primers corresponding to genomic sequences flank- removed by shaking embryos in heptane-methanol (Mitchison and
ing the EP element insertion region. DNA isolation from single flies Sedat, 1983) at room temperature for 30 s. Embryos were blocked
and PCR reactions were performed as in Preston and Engels (1996). in PBS/0.4% Triton X-100/1% normal goat serum (NGS), incubated
Imprecise excisions were identified by loss of one or both fragments with anti-a-tubulin antibody (Sigma) diluted in blocking buffer
detected in the original EP(3)3657 line using the appropriate primer (1:200), and microtubule labeling detected with FITC-conjugated
combinations. Potential mutant lines were further analyzed individu- goat anti-mouse IgG1 secondary antibody (1:200) (Cappel/ICN). DNA
ally by PCR using different primer pairs based on predicted JIL-1 was visualized by staining with Hoechst 33258 (Molecular Probes)
genomic and coding sequences to map the approximate breakpoint (0.2 mg/ml) in PBS.
locations as shown in Figures 1A and 1B. Polytene chromosome squash preparations from late third instar
larvae were immunostained essentially as previously described (Jin
et al., 1999). Primary antibodies used include: chicken anti-JIL-1Immunoblot Analysis
Protein extracts were prepared from crawling third instar larvae purified IgY (Jin et al., 2000), rabbit anti-MSL1,-2, or goat anti-MSL3
antisera (gift of Dr. M. Kuroda), rabbit anti-pS10H3, -pH3S10Ac14,homogenized in immunoprecipitation (IP) buffer (20 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 10 mM EDTA, 1 mM EGTA, 0.2% Triton X- or -H4Ac16 antisera (Upstate Biotechnology) and rabbit anti-
pH3S10 antiserum (Cell Signaling Technology). For whole-mount100, 0.2% NP-40, 2 mM Na3V04, 1 mM PMSF, 1.5 mg/ml aprotinin).
Homozygous EP(3)3657, JIL-1z60, or JIL-1z2 mutant animals were salivary gland stainings, approximately six pairs of late 3rd instar
larval salivary glands were dissected in PBS, placed on a slide in aidentified by absence of the Tubby marker. Proteins were separated
Cell
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drop of PBS, covered with a coverslip, and gently squashed. The Hendzel, M.J., Wei, Y., Mancini, M.A., Van Hooser, A., Ranalli, T.,
Brinkley, B.R., Bazett-Jones, D.P., and Allis, C.D. (1997). Mitosis-nuclei were then fixed in 3.7% paraformaldehyde in PBT (PBS with
0.2% Triton X-100) at 48C for 20 min and then brought to room specific phosphorylation of histone H3 initiates primarily within peri-
centromeric heterochromatin during G2 and spreads in an orderedtemperature for 5 min. The fixed tissues were washed 2 times 10
min with PBT, and blocked with 1% NGS in PBT for 2 hr at 48C. fashion coincident with mitotic chromosome condensation. Chro-
mosoma 106, 348–360.Staining and detection were performed as in Jin et al. (1999). Larval
neuroblast preparations were fixed and stained essentially ac- Hsu, J.Y., Sun, Z.W., Li, X., Reuben, M., Tatchell, K., Bishop, D.K.,
cording to Pimpinelli et al. (2000) using chicken anti-JIL-1 and rabbit Grushcow, J.M., Brame, C.J., Caldwell, J.A., Hunt, D.F., et al. (2000).
anti-pH3S10 (Upstate Biotechnology) antibodies and Hoechst to Mitotic phosphorylation of histone H3 is governed by Ipl1/aurora
visualize the DNA. kinase and Glc7/PP1 phosphatase in budding yeast and nematodes.
Cell 102, 279–291.
Confocal Microscopy Jin, Y., Wang, Y., Walker, D.L., Dong, H., Conley, C., Johansen, J.,
Confocal microscopy was performed with a Leica confocal TCS NT and Johansen, K.M. (1999). JIL-1: a novel chromosomal tandem
microscope system equipped with separate Argon-UV, Argon, and kinase implicated in transcriptional regulation in Drosophila. Mol.
Krypton lasers and the appropriate filter sets for Hoechst, GFP, Cell 4, 129–135.
FITC, and TRITC imaging. A separate series of confocal images
Jin, Y., Wang, Y., Johansen, J., and Johansen, K.M. (2000). JIL-1, afor each fluorophor of double- or triple-labeled preparations were
chromosomal kinase implicated in regulation of chromatin structure,obtained simultaneously with z-intervals of typically 0.5 mm. An
associates with the MSL dosage compensation complex. J. Cellaverage projection image for each of the image stacks was obtained
Biol. 149, 1005–1010.using the NIH-image software. These were subsequently imported
Johansen, K.M., Johansen, J., Baek, K.-H., and Jin, Y. (1996). Re-into Photoshop where they were pseudocolored, image processed,
modeling of nuclear architecture during the cell cycle in Drosophilaand merged.
embryos. J. Cell. Biochem. 63, 268–279.
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